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An i n v e s t i g a t i o n  has been conducted i n  t h e  Langley High Speed 7- by 10-Foot 
Tunnel to  determine t h e  in f luence  of  an optimized leading-edge d e f l e c t i o n  on t h e  
low-speed aerodynamic performance of a conf igu ra t ion  wi th  a low-aspect-rat io ,  
h igh ly  swept wing. Tests have also been conducted to  determine t h e  s e n s i t i v i t y  
of t he  l a t e r a l - s t a b i l i t y  d e r i v a t i v e  C z g  to geometr ic  anhedra l .  
The opt imized leading-edge d e f l e c t i o n  was developed by a l i g n i n g  t h e  l ead ing  
edge wi th  the  incoming flow along the  e n t i r e  span. Owing to t h e  spanwise v a r i a -  
t i o n  of  upwash, t h e  r e s u l t i n g  opt imized leading edge was a smooth, cont inuous ly  
warped s u r f a c e  f o r  which t h e  d e f l e c t i o n  var ied  from 16O a t  t he  s i d e  of t h e  body 
t o  50° a t  t h e  wing t i p .  For t h e  p a r t i c u l a r  conf igu ra t ion  s t u d i e d ,  l e v e l s  of  
leading-edge s u c t i o n  on t h e  order  o f  90 percent  were achieved with the  smooth, 
cont inuous ly  warped leading-edge contour .  Attempts to approximate t h i s  smooth 
contour  by a series of  discrete d e f l e c t i o n s  of a multisegmented leading-edge 
system resu l ted  i n  s u b s t a n t i a l l y  increased  drag. The inc reased  drag ,  in t roduced  
by t h e  s u r f a c e  d i s c o n t i n u i t i e s  of t h e  multisegmented system, markedly reduced 
t h e  aerodynamic performance. 
D e f l e c t i n g  the  l e a d i n g  edge was found t o  p rov ide  a f avorab le  r educ t ion  
i n  t h e  i n h e r e n t l y  high l e v e l  o f  C 
simple t h e o r e t i c a l  estimates o f  aClg/aCL shows t h a t  e x c e l l e n t  c o r r e l a t i o n  
e x i s t s  f o r  c o n d i t i o n s  o f  a t t a c h e d  f l o w .  Furthermore,  t h e  results of tests con- 
ducted to  determine t h e  s e n s i t i v i t y  of  to geometr ic  anhedra l  i n d i c a t e  
va lues  o f  
by simple vor t e x - l a t t i c e  t h e o r i e s .  
Comparison of  exper imenta l  resu l t s  wi th  2B' 
C z g  
a C Z g / a r  which are i n  reasonable  agreement wi th  estimates provided 
INTRODUCTION 
The Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  is c u r r e n t l y  i n v e s t i g a t -  
ing t h e  aerodynamic c h a r a c t e r i s t i c s  of  advanced a i r c r a f t  concepts  which are 
capable  of  c r u i s i n g  e f f i c i e n t l y  a t  supersonic  speeds.  
are r e p r e s e n t a t i v e  of f u t u r e  gene ra t ion  commercial and m i l i t a r y  v e h i c l e s  and 
inco rpora t e  wing sweeps on t h e  order of  70° to 80° (e .g . ,  r e f s .  1 and 2 ) .  
Unfor tuna te ly ,  owing to  t h e  high wing sweeps, such c o n f i g u r a t i o n s  have genec- 
a l l y  e x h i b i t e d  unacceptable  low-speed aerodynamic c h a r a c t e r i s t i c s .  The most 
s i g n i f i c a n t  o f  t h e s e  unacceptable  c h a r a c t e r i s t i c s  are d e f i c i e n c i e s  i n  low-speed 
performance and excess ive ly  high l e v e l s  of e f f e c t i v e  d i h e d r a l  (Czg) .  
i n v e s t i g a t i o n  is in tended  to  y i e l d  fundamental in format ion  necessary  to p rov ide  
h igh ly  swept-wing des igns  with acceptab le  low-speed c h a r a c t e r i s t i c s .  
The conceptua l  des igns  
The p r e s e n t  
Previous  low-speed s tud ies  with a conf igu ra t ion  having t h e  same wing 
geometry as  t h e  p r e s e n t  model a r e  r epor t ed  i n  r e f e r e n c e s  3 to  6. The p r e s e n t  
s tudy  was s p e c i f i c a l l y  in tended  to: (1) p r o v i d e  a n  assessment  o f  t h e  aero- 
dynamic performance b e n e f i t s  which could  be achieved wi th  a s u i t a b l y  opt imized 
leading  edge; and (2)  determine t h e  s e n s i t i v i t y  o f  t h e  l a t e r a l - s t a b i l i t y  
d e r i v a t i v e  C z g )  to geometr ic  anhedral .  
The tests were conducted i n  t h e  Langley 7- by 10-Foot Tunnel over  a n  
angle-of-attack range from about  -6O to 15O f o r  s i d e s l i p  angles of Oo and ?So. 
The tests were conducted a t  a R e  no lds  number (based on t h e  wing mean aero- 
( 
dynamic chord) of about  2.8 x 10 t: . 
SYMBOLS 
The l o n g i t u d i n a l  data a r e  r e f e r r e d  to t h e  s t a b i l i t y  system of  axes ,  and 
t h e  l a t e r a l - d i r e c t i o n a l  data are r e f e r r e d  to t h e  body system o f  axes  a s  i l l u s -  
t rated i n  f i g u r e  1 .  The moment r e f e r e n c e  c e n t e r  for t h e  tests was located a t  
59.166 percent  of t h e  r e f e r e n c e  wing mean aerodynamic chord.  The r e f e r e n c e  
wing a rea  and r e f e r e n c e  mean aerodynamic chord are based on t h e  wing planform 
which results from extending t h e  inboard leading-edge sweep a n g l e  (74O) and t h e  
outboard t r a i l i n g - e d g e  sweep a n g l e  (41.457O) to  t h e  model c e n t e r  l i n e .  (See 
f i g .  2.) 
The dimensional  q u a n t i t i e s  h e r e i n  are g i v e n  i n  both  t h e  I n t e r n a t i o n a l  
System of  U n i t s  (SI) and t h e  U.S. Customary Units .  
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f u s e l a g e  c r o s s - s e c t i o n a l  area, m2 ( f t 2 )  
a s p e c t  r a t  i o  
wing span, m ( f t )  
Drag 
drag  c o e f f i c i e n t ,  - 
induced drag  c o e f f i c i e n t  
minimum drag  c o e f f i c i e n t  
drag c o e f f i c i e n t  o f  e q u i v a l e n t  c o n f i g u r a t i o n  wi thout  t w i s t  and 
camber a t  z e r o  l i f t  
L i f t  
l i f t  c o e f f i c i e n t ,  - 
qsref 
R o l l i n g  moment 











reference mean aerodynamic chord, m (ft) 
f ree-stream dynamic pressure, Pa (lbf/f t2) 
leading-edge suction parameter 
reference wing area, m2 (ft2) 
body axes system 
body axes coordinates 
fuselage body station, origin at nose, positive rearward, m (ft) 
angle of attack, deg 
angle of sideslip, deg 
increment in geometric anhedral, relative to the basic wing 
geometry, at span station y ,  deg 
increment in geometric anhedral at span stations y1 and y2, 
respectively, deg (see fig. 2(b)) 
leading-edge deflection, positive when leading edge is down, deg 
upwash angle, deg 
X-Y projection of the included angle between the local flow 
direction at the leading edge and a ray normal to the leading- 
edge hinge line, deg (see fig. 1) 
Derivatives: 
= aCG/6a, per deg 




= aCn/6B, per deg 
= aCy/6B, per deg 
c”B 
MODEL 
The p r i n c i p a l  dimensional  c h a r a c t e r i s t i c s  o f  t h e  model used i n  t h e  p r e s e n t  
s tudy  a r e  l i s ted  i n  t a b l e  I and shown i n  f i g u r e s  2 and 3. I n  a d d i t i o n ,  a list- 
i n g  of the computer c a r d s  r e q u i r e d  f o r  a numerical  model is given i n  t a b l e  11. 
The format f o r  t h e  l i s t i n g  provided i n  table I1 is described i n  r e f e r e n c e  7. 
A photograph of t h e  model i n  t h e  Langley 7- by 10-Foot Tunnel is p r e s e n t e d  i n  
f i g u r e  4.  
Previous s t u d i e s  wi th  c o n f i g u r a t i o n s  having t h e  same wing geometry as t h e  
p r e s e n t  model are reported i n  r e f e r e n c e s  3 to  6. The p r e s e n t  s tudy  was intended 
to address  g e n e r i c  problems associated wi th  h i g h l y  swept wings; consequent ly ,  
t h e  model d i d  n o t  i n c o r p o r a t e  e i t h e r  n a c e l l e s  or a n  a f t  f u s e l a g e .  The model 
d i d ,  however, i n c o r p o r a t e  a multisegmented l e a d i n g  edge which permitted con- 
t i n u o u s l y  v a r i a b l e  d e f l e c t i o n s  from Oo to  60° about  t h e  70.688O swept hinge 
l i n e .  (See f i g .  2.)  T h i s  p a r t i c u l a r  hinge l i n e  was selected to  allow a d i r e c t  
comparison wi th  resul ts  from r e f e r e n c e  5. The model f u r t h e r  i n c o r p o r a t e d  
V 
a n h e d r a l  breaks a t  span s t a t i o n s  = 0.234 and 0.736 which p e r m i t t e d  t h e  
b/2 
i n c l u s i o n  of a d d i t i o n a l  geometr ic  anhedral .  
TESTS AND CORRECTIONS 
The i n v e s t i g a t i o n  was conducted i n  t h e  Langley 7- by 10-Foot Tunnel. (See 
r e f .  8 f o r  a d e s c r i p t i o n  of t h e  tunne l . )  Forces  and moments were measured wi th  
a s tandard  six-component s t r a i n - g a g e  ba lance  mounted i n t e r n a l  to  t h e  model. 
The tests were conducted a t  a dynamic p r e s s u r e  o f  1436.4 Pa (30 l b f / f t 2 ) .  T h i s  
va lue  of dynamic p r e s s u r e  r e s u l t e d  i n  a Reynolds number (based on t h e  wing mean 
aerodynamic chord) of 2.8 x lo6 a t  a corresponding Mach number of  0.14. 
a n g l e  of a t t a c k  ranged from about  -6O to 15O f o r  s i d e s l i p  a n g l e s  o f  Oo and k5O. 
Both angle  of attack and s ides l ip  have been c o r r e c t e d  f o r  t h e  e f f e c t  of s t i n g  
and balance bending under aerodynamic load.  
The 
The da ta  have been corrected f o r  jet-boundary and blockage e f f e c t s  using 
t h e  methods o u t l i n e d  i n  r e f e r e n c e s  9 and 1 0 ,  r e s p e c t i v e l y .  Balance chamber 
p r e s s u r e  and model base p r e s s u r e  were measured and t h e  drag  measurements 
a d j u s t e d  t o  correspond to  c o n d i t i o n s  of free-stream s ta t ic  pressure a c t i n g  
over t h e  base of t h e  model. 
I n  accordance wi th  t h e  method of r e f e r e n c e  1 1 ,  0.16 cm (0.0625 i n . )  wide 
t r a n s i t i o n  s t r ips  of  No .  70 carborundum g r a i n s  were placed 3.81 c m  (1.5 in . )  
a f t  of t h e  lead ing  edges of t h e  wing and outboard  v e r t i c a l  t a i l s .  S i m i l a r l y ,  
No .  80 carborundum g r a i n s  were placed 3.81 c m  (1.5 i n . )  a f t  of  t h e  model nose. 
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PRESENTATION OF RESULTS 
A simplified analysis of the effect of geometric anhedral on Czg is pre- 
sented in appendix A. A data supplement containing a run schedule and tabular 
listing of data is provided in appendix B. The results and discussion are pre- 
sented in accordance with the following outline: 
Figure 
Longitudinal aerodynamic characteristics 
Configuration with undeflected leading edge . . . . . . . . . . .  5 to 7 
Configuration with undeflected leading edge . . . . . . . . . . . . . .  18 
Effect of wing leading-edge deflection . . . . . . . . . . . . . .  19 to 20 
Effect of geometric anhedral . . . . . . . . . . . . . . . . . . .  21 to 23 
Effect of wing leading-edge deflection . . . . . . . . . . . . . .  8 to 17 
Lateral-directional characteristics 
RESULTS AND DISCUSSION 
The present study was intended to address generic problems associated with 
highly swept wings; therefore, the model did not incorporate either nacelles or 
an aft fuselage. In order to provide some insight into the possible effects 
such configuration components may have on absolute quantities, suitable com- 
parisons are made (where possible) with data obtained for a model which had the 
same wing geometry, but included both underwing nacelles and an aft fuselage 
(see ref. 5 ) .  It should be noted that, in addition to the nacelle and aft fuse- 
lage differences, the model of reference 5 incorporated a fuselage with a dif- 
ferent cross-sectional area distribution (see fig. 3). Since the fuselages of 
both the present model and the model of reference 5 utilized circular cross 
sections and had the same centroidal axis, the difference in cross-sectional 
area results in a difference in wing-body intersection. 
Longitudinal Aerodynamic Characteristics 
Configuration with undeflected leading edge.- Figure 5 presents the longi- 
tudinal aerodynamic characteristics for the present configuration with unde- 
flected leading edges (6L.E. = 0). Also presented for purposes of comparison 
are corresponding data for the complete configuration reported in reference 5. 
As can be seen, the data exhibit identical trends. The study of reference 5, 
in which smoke-flow visualization was used, has indicated that for angles of 
attack from about 2O to 4O the flow over the main wing panel remains well 
attached; however, the existence of a tightly wound vortex which formed close 
to the surface along the leading edge of the outboard wing panel has been 
observed. As might be anticipated, this tightly wound vortex is found to be 
accompanied by a small increase in longitudinal stability. At a > 4O, the 
data indicate the existence of a vortex-lift increment and a corresponding 
pitch-up tendency. This result is attributed to the simultaneous formation 
of classical wing-apex vortices and to the separation of the tightly wound 
vortex from the outboard wing panel. (See ref. 5.) 
The data of reference 5 exhibit trends which are identical to those of 
the present model. However, configuration differences result in differences 
5 
i n  the  q u a n t i t a t i v e  va lues .  
t h e  p re sen t  model resu l t s  from t h e  reduced s k i n - f r i c t i o n  and i n t e r f e r e n c e  d rag  
a s s o c i a t e d  wi th  t h e  omission o f  t h e  a f t  f u s e l a g e  and underwing n a c e l l e s .  
reduct ion  i n  p i t c h i n g  moment o f  t h e  p r e s e n t  model is a t t r i b u t e d  to  t h e  omis- 
s i o n  of t h e  down-loaded a f t  f u s e l a g e  (see r e f .  5 ) .  The d i f f e r e n c e  i n  l e v e l  of 
vo r t ex  l i f t  for t h e  two c o n f i g u r a t i o n s  is n o t  w e l l  understood. However, t h i s  
d i f f e r e n c e  probably arises from t h e  d i f f e r e n c e  i n  t h e  wing-body i n t e r s e c t i o n  
which may, i n  t u r n ,  a f f e c t  t h e  format ion  of t h e  wing-apex v o r t i c e s .  
Obviously,  t h e  lower va lue  of d rag  e x h i b i t e d  by 
The 
Figure 6 p r e s e n t s  t h e o r e t i c a l  r e s u l t s  o b t a i n e d  us ing  a v o r t e x - l a t t i c e  
r e p r e s e n t a t i o n  f o r  t h e  i s o l a t e d  twisted and cambered wing of  t h e  p r e s e n t  model. 
I n  a d d i t i o n  to t h e  s t anda rd  po ten t i a l - f low c a l c u l a t i o n s ,  t h i s  par t icular  vortex-  
la t t ice  method (see ref. 12) also pe rmi t s  c a l c u l a t i o n  of  t h e  aerodynamic charac-  
t e r i s t i c s  for c o n d i t i o n s  wi th  leading-edge vo r t ex  flows. This  is accomplished 
by inco rpora t ing  t h e  leading-edge s u c t i o n  analogy developed i n  r e f e r e n c e  13.  
The results of  f i g u r e  6 i l l u s t r a t e  t ha t  t h e  p r e d i c t e d  aerodynamic c h a r a c t e r -  
istics for  cond i t ions  of leading-edge vo r t ex  f lows ,  are  markedly d i f f e r e n t  from 
those p red ic t ed  for a t t a c h e d  f l o w  cond i t ions .  I n  par t icular ,  c o n s i d e r a t i o n  o f  
t h e  t h e o r e t i c a l  d rag  polars (ob ta ined  by adding t h e  va lue  o f  
to t h e  p red ic t ed  induced drag)  i n d i c a t e s  t h a t  t h e  particular wing geometry,  
which was designed f o r  a t t ached  f low c o n d i t i o n s ,  would have s i g n i f i c a n t l y  
degraded performance f o r  c o n d i t i o n s  w i t h  s e p a r a t e d  leading-edge v o r t i c e s .  
= 0.0096 'Dsym 
The v o r t e x - l a t t i c e  t h e o r e t i c a l  method used to o b t a i n  t h e  resu l t s  p re sen ted  
i n  f i g u r e  6 does n o t  predict t h e  o n s e t  c o n d i t i o n  or t h e  p h y s i c a l  spanwise loca- 
t i o n  of t h e  s epa ra t ed  vo r t ex  flow; t h e r e f o r e ,  no one of t h e  t h e o r e t i c a l  cu rves  
is r e p r e s e n t a t i v e  over  t h e  e n t i r e  angle-of -a t tack  range cons idered .  F igu re  7 
p r e s e n t s  an ad jus ted  t h e o r e t i c a l  resu l t  ob ta ined  by s h i f t i n g  p o r t i o n s  of t h e  
appropr i a t e  curves  of f i g u r e  6 i n  an attempt to more c l o s e l y  r e p r e s e n t  the  
resul ts  for  t he  observed p h y s i c a l  f low cond i t ion .  As can be seen ,  reasonable  
agreement e x i s t s  between t h i s  a d j u s t e d  t h e o r e t i c a l  r e su l t  and t h e  exper imenta l  
result .  However, it is recognized t h a t  such a d j u s t e d  t h e o r e t i c a l  r e su l t s  can 
on ly  be achieved a f t e r  t h e  p h y s i c a l  f low c h a r a c t e r i s t i c s  have been i d e n t i f i e d ,  
and hence, may be of  l imited value.  
E f f e c t  of wing leading-edqe d e f l e c t i o n . -  F igu re  8 p r e s e n t s  t h e  l o n g i t u d i n a l  
aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  c o n f i g u r a t i o n  w i t h  a uniform 30° d e f l e c t i o n  
of t h e  e n t i r e  lead ing  edge (see f i g .  2 ) .  As has  been shown i n  r e f e r e n c e  5, t h i s  
leading-edge d e f l e c t i o n  resul ts  i n  f a i r l y  w e l l  a t t a c h e d  flow f o r  a n g l e s  o f  
at tack from about  Oo to 8O. 
obse rva t ions  showed t h e  o n s e t  o f  a classical leading-edge vo r t ex  s e p a r a t i o n  
o r i g i n a t i n g  a t  about  t h e  midpoint  o f  t h e  wing semispan. 
noted t h a t  a t  very l o w  ang le s  of a t t a c k  (a < Oo) , d e f l e c t i n g  t h e  l ead ing  edges  
a p p a r e n t l y  r e s u l t s  i n  flow s e p a r a t i o n  on t h e  lower wing surfaces as evidenced 
by t h e  n o n l i n e a r i t y  i n  CL v e r s u s  c1. Figure  8 also p r e s e n t s  t h e  l o n g i t u d i n a l  
aerodynamic d a t a  from r e f e r e n c e  5 f o r  t h e  comparable (tiLaE. = 300) cond i t ion .  
As can be seen, t h e  d i f f e r e n c e s  i n  d a t a  for t h e  p r e s e n t  tests and r e f e r e n c e  5 
are gene ra l ly  s i m i l a r  to those  p rev ious ly  discussed for t h e  
t i o n .  As expected, with the  l ead ing  edges deflected to suppres s  t h e  lead ing-  
edge v o r t i c e s ,  e x c e l l e n t  agreement i n  CL v e r s u s  a is ob ta ined  over  t h e  
angle-of-at tack range t e s t e d .  
For a n g l e s  of a t tack g r e a t e r  t han  8O, smoke-flow 
I t  should also be 
tiLaE. = Oo condi- 
6 
Figure 9 provides a comparison of the data for the conditions of 
~L.E. = Oo and 30°. 
leading edges to suppress the vortex flow reduces the undesirable vortex induced 
pitch-up tendency and also reduces the vortex related drag. 
a quantitative evaluation Of the performance improvement achieved by leading- 
edge deflection, figure 9 also presents the conventional theoretical drag polars 
corresponding to the conditions of: (1) minimum induced drag (100-percent 
leading-edge suction) and ( 2 )  full leading-edge separation (O-percent leading- 
edge suction). These drag polars are defined for condition (1 )  as 
As has been noted in reference 5, deflecting the wing 
In order to permit 
and for condition (2 )  as 
It should be noted that equations (1 )  and ( 2 )  are valid only for symmetric wings 
with no twist or camber and are presented herein solely to permit the aerody- 
namic performance (achieved by the various leading-edge treatments) to be quan- 
tified. This is accomplished by introducing the standard leading-edge suction 
parameter S (see ref. 1 4  for a comprehensive discussion of leading-edge 
suction) defined as 
It should be noted that in equations (2) and (3) the quantity CL tan C C 
has been used in place of the more customary CL tan a. (See ref. 14.)  This 
present notation has been introduced to insure a common basis for comparison 
of leading-edge suction for the various leading-edge treatments. The value of 
has been estimated for the present model tests using the relationship 
( L/  h) 
%ym 
Evaluation of equation (4 )  yields C D ~ ~ ~  = 0.0096. The value of Ck has been 
determined experimentally (for the linear region of CL versus a) to be 0.037 
which is in agreement with theoretical results. 
7 
I Figure 1 0  Presents values of leading-edge suction calculated from the data 
of figure 9.  As can be seen, the uniform 30° deflection results in substan- 
tially increased values relative to the 6L,E. = Oo condition. This result 
is similar to the results presented in reference 5, wherein this uniform 30° 
form 30° deflection does not represent an optimum condition. 
uniform 30° deflection is considered to be overdeflected in the apex region 
while being underdeflected further outboard. This situation developed because 
the leading-edge system tested in reference 5 was limited to four segments, and 
attempts to optimize the leading-edge deflection by aligning the leading edge 
with the local upwash (as will be discussed) resulted in large discontinuities 
nounced regions of separated flow, which substantially degraded the perfor- 
mance. Consequently, the uniform 30° deflection was considered an appropriate 
I deflection was initially considered. As pointed out in reference 5, the uni- 
In fact, the 
I in contour. These large discontinuities were found to result in quite pro- 
I compromise. 
I 
In as much as the present configuration employed a twelve-segmented lead- 
ing edge (which permitted a more reasonable approximation of a continuously 
warped surface), an attempt was made to optimize the spanwise variation of 
leading-edge deflection. The optima1 leading edge is considered herein as one 
in which the leading edge is aligned with the upwash along the entire span. 
Since a = loo 
operations, attempts were made to obtain attached flow for angles of attack at 
least up to this condition. 
is representative of the angle-of-attack condition for low-speed 
I Figure 11  presents the theoretical spanwise variation of upwash E 
I 
I 
obtained with a vortex-lattice computational model at an angle of attack of loo 
(see refs. 5 and 15) .  In general, for a swept hinge line the angular deflection 
required to align the leading edge with an upwash angle E would be defined by 
the standard relationship of sweep theory 
However, previous smoke-flow studies (see ref. 5) have shown that the incoming 
flow is approximately perpendicular to the hinge line (5 = Oo), and therefore, 
equation (5) yields the simple result that ~ L . E ,  = E. 
With the model at a = loo and the leading edge deflected to approximate 
the upwash schedule of figure 11, observations of wool surface tufts revealed 
I Y 
flow separation originating outboard of - = 0.5. This result appears to be 
b/2 
attributable to the fairly sharp corner introduced by rather high deflection 
about the simple hinge line. Accordingly, the leading-edge deflection was 
reduced until a condition was reached wherein further reductions resulted in 
then faired and smoothed to eliminate leading-edge discontinuities. The span- 
wise variation of leading-edge deflection, as developed above, is compared in 
I classical leading-edge vortex separation. The multisegmented leading edge was , 
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f i g u r e  12 with t h e  t h e o r e t i c a l  upwash. The leading-edge d e f l e c t i o n  schedule  is 
seen to  d e f i n e  a cont inuous ly  warped su r face  which v a r i e s  from 16O inboard to 
50° outboard.  This  leading-edge geometry w i l l  h e r e i n a f t e r  be  des igna ted  as 
~ L . E .  = 16O-5O0. 
F igu re  13 p r e s e n t s  t h e  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  ob ta ined  
with 
t h e  p r e v i o u s l y  d i scussed  resul ts  f o r  t h e  ~ L . E .  = Oo and 30° cond i t ions .  A s  
can be seen,  t he  d a t a  f o r  ~ L . E .  = 16O-5Oo i n d i c a t e  a t t a c h e d  f low c o n d i t i o n s  
f o r  ang le s  o f  a t t a c k  from about  Oo to loo. A t  a n g l e s  of  a t tack above loo ,  
v o r t e x  s e p a r a t i o n  was observed to o r i g i n a t e  a long t h e  l ead ing  edge outboard of 
- = 0.5. The occurrence  of  t h i s  leading-edge s e p a r a t i o n  is seen  to be con- 
s i s t e n t  w i th  t h e  s l i g h t  pi tch-up c h a r a c t e r i s t i c  e x h i b i t e d  by t h e  d a t a  of 
f i g u r e  13. Cons idera t ion  of t h e  d rag  p o l a r s  o f  f i g u r e  1 4  i n d i c a t e s  t h a t  
~ L . E .  = 16O-5O0 
o t h e r  c o n d i t i o n s  s tud ied .  This  p o i n t  is q u a n t i f i e d  by cons ide r ing  t h e  leading-  
edge s u c t i o n  parameter ob ta ined  f o r  t h e  above cont inuous ly  warped leading-edge 
geometry ( 6 L . ~ .  = 16O-5O0) p resen ted  i n  f i g u r e  15. As has  been seen ,  
~ L . E .  = 16O-5O0 resu l t s  i n  a s u b s t a n t i a l  improvement. I n  par t icular ,  
6L.~. = 16O-5O0 is seen to  achieve  va lues  of s u c t i o n  on t h e  o rde r  of  90  per-  
c e n t  a t  r e p r e s e n t a t i v e  second segment climb c o n d i t i o n s  ( i .e. ,  CL = 0.3) .  How- 
e v e r ,  a t  h igher  va lues  of  CL (corresponding to h igher  ang le s  of  a t tack)  t h e  
l e v e l  of leading-edge s u c t i o n  is s u b s t a n t i a l l y  reduced f o r  a l l  l ead ing  edge 
geometr ies  t e s t e d .  I t  should be noted t h a t  t h e  model t e s t e d  d i d  no t  employ a 
t r a i l i n g  edge f l a p  system, which would permit  e q u i v a l e n t  va lues  of  CL to be 
achieved a t  lower ang les  of  at tack. Therefore ,  owing to t h e  adverse  e f f e c t  o f  
i n c r e a s i n g  ct on flow at tachment ,  it would be a n t i c i p a t e d  t h a t  t h e  u s e  of a 
t r a i l i n g  edge f l a p  system would provide  improved draq  polars (as  shown by 
f i g .  13(c)  of r e f .  5 ) .  Consequently the  va lues  of S p resen ted  he re in  f o r  t h e  
high l i f t  cond i t ion  are regarded as conserva t ive .  
~ L . E .  = 16O-5O0, while  f i g u r e  14 p r e s e n t s  a comparison of t h e s e  d a t a  wi th  
Y 
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p rov ides  superior aerodynamic performance r e l a t i v e  to  t h e  
The e f f e c t  of Reynolds number on the leading-edge s u c t i o n  parameter has  
been d i scussed  i n  r e fe rence  14. The results p resen ted  t h e r e i n  i n d i c a t e  t h a t  
i n c r e a s i n g  t h e  Reynolds number from t h e  low v a l u e s  of t h e  p r e s e n t  tests to 
a c t u a l  f l i g h t  v a l u e s  w i l l  resul t  i n  on ly  modest i n c r e a s e s  i n  S f o r  t h e  sepa- 
r a t e d  f low cond i t ion  (e.g. ,  the  cond i t ion  d i scussed  h e r e i n  wi th  
However, f o r  a t t a c h e d  flow cond i t ions  (as achieved with 
i n c r e a s i n g  Reynolds number resul ts  i n  pronounced i n c r e a s e s  i n  S. Based on 
these  r e s u l t s ,  it would appear t h a t  t h e  l e v e l  of S achieved wi th  t h e  a t t a c h e d  
f l o w  d e f l e c t i o n  6L.E. = 16O-5Oo is conserva t ive .  
~ L . E .  = Oo). 
~ L . E .  = 16O-5O0) 
I t  is recognized t h a t  whi le  t h e  cont inuously warped l ead ing  edge would 
provide  marked improvements i n  low-speed aerodynamic performance, t h e  mechanical 
complexi ty  r equ i r ed  to gene ra t e  t h i s  smooth contour from t h e  high-speed cruise 
shape may l i m i t  its p r a c t i c a l  app l i ca t ion .  For t h i s  reason,  tests were con- 
ducted i n  which 6L.E. = 16O-5O0 
ad jacen t  segments of t h e  multisegmented system removed. F igu re  16  p r e s e n t s  a 
comparison of t he  l o n g i t u d i n a l  data obtained with 
f a i r e d  and un fa i r ed  cond i t ions .  A s  can be seen,  t h e  impact of removing t h e  
leading-edge f a i r i n g s  is l a r g e l y  l i m i t e d  to  an i n c r e a s e  i n  drag.  
was preserved but  t h e  f a i r i n g  between t h e  
~ L . E .  = 16O-5O0 f o r  both 
This  resul t  
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correlates w e l l  wi th  obse rva t ions  made of wool t u f t s  du r ing  t h e  l imted f l o w  
v i s u a l i z a t i o n  p o r t i o n  o f  t h e  tests. Although no l a r g e  r eg ions  of  s e p a r a t i o n  
could be a t t r i b u t e d  to  t h e  removal of  t h e  segment f a i r i n g s ,  t h e  t u f t s  were 
observed to be s l i g h t l y  more unsteady,  thereby  i n d i c a t i n g  l o c a l i z e d  r eg ions  of 
sepa ra t ion .  Cons idera t ion  o f  t h e  leading-edge s u c t i o n  parameter p re sen ted  i n  
f i g u r e  17 shows t h a t  ~ L . E .  = 16O-5Oo e x h i b i t s  l e v e l s  of  S which are below 
those  values  achieved wi th  t h e  s imple  uniform 30° d e f l e c t i o n ,  thereby  i n d i c a t -  
i ng  t h e  d e s i r a b i l i t y  of  main ta in ing  cont inuous  leading-edge contour .  
La te ra l -Di rec t iona l  C h a r a c t e r i s t i c s  
Conf igura t ion  with undef lec ted  l ead ing  edge.- F igu re  18 p r e s e n t s  t h e  
l a t e r a l - d i r e c t i o n a l  s t a b i l i t i d e r  i v a t i v e s  f o r  t h e  p r e s e n t  c o n f i g u r a t i o n  w i t h  
undef lec ted  l ead ing  edges. A l s o  p re sen ted  i n  f i g u r e  18 are  corresponding 
resul ts  from r e f e r e n c e  5 which, as p rev ious ly  mentioned, were ob ta ined  wi th  a 
model which had the  same wing geometry b u t  i nco rpora t ed  a d i f f e r e n t  f u s e l a g e  
and included under-wing n a c e l l e s .  A s  can be seen  from f i g u r e  18, both con- 
f i g u r a t i o n s  e x h i b i t  n e u t r a l l y  s table  va lues  of  s t a t i c  d i r e c t i o n a l  s t a b i l i t y  
for angles  o f  attack up  to  about 4O. For a n g l e s  o f  a t t a c k  g r e a t e r  t han  4O C"B 
(corresponding to  t h e  angle  o f  at tack f o r  which t h e  wing-apex v o r t i c e s  are f i r s t  
e v i d e n t ) ,  the  conf igu ra t ion  e x h i b i t s  a marked i n c r e a s e  i n  This  phenomenon 
has  been observed p rev ious ly  (see r e f .  5) and has  been a t t r i b u t e d  to  t h e  i n t e r -  
action of  t he  wing-apex v o r t i c e s  with t h e  forward p o r t i o n  o f  t h e  c o n f i g u r a t i o n .  
CnB . 
The da ta  of f i g u r e  18 also show t h a t  bo th  c o n f i g u r a t i o n s  e x h i b i t  high 
l e v e l s  o f  e f f e c t i v e  d i h e d r a l  C a t  nominal approach c o n d i t i o n s  o f  a = 8O 
to loo,  as would be expected for t h e  low-aspec t - ra t io  wing. 
and 17 have shown t h a t  t h e s e  high l e v e l s  o f  
r o l l  i n s t a b i l i t i e s  and r e v e r s a l s  i n  pilot-commanded r o l l  rates. The a n a l y s i s  
of  r e fe rence  4 has also shown t h a t ,  because of l imi t ed  l a t e r a l - c o n t r o l  capa- 
ZB 
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C z B  
t y p i c a l l y  r e su l t  i n  Dutch 
b i l i t i e s  ( t y p i c a l  of low-aspect-rat io  wings) t h e  h igh  va lues  of 
Czg 
would 
n e c e s s i t a t e  excess ive  approach speeds  t o  meet c u r r e n t l y  accepted cross-wind 
landing  requirements.  
I t  is i n t e r e s t i n g  to no te  t h a t  a l though both t h e  p r e s e n t  c o n f i g u r a t i o n  
ZB and t h e  conf igu ra t ion  of r e fe rence  5 e x h i b i t  about t h e  same slope of 
v e r s u s  a, the  magnitude of  C z g  f o r  t h e  p r e s e n t  c o n f i g u r a t i o n  is reduced for 
p o s i t i v e  angles  of  a t t a c k .  Th i s  r educ t ion  i n  C z B  is be l i eved  to be due t o  
t h e  omission of t he  under-wing n a c e l l e s  and to  a d i f f e r e n c e  i n  t h e  a f t  wing- 
body i n t e r s e c t i o n  (e.g. ,  r e f .  1 8 ) .  
E f f e c t  of  wing leading-edge de f l ec t ion . -  F igu re  19 p r e s e n t s  t h e  la teral-  
d i r e c t i o n a l  s t a b i l i t y  d e r i v a t i v e s  f o r  t h e  c o n f i g u r a t i o n  wi th  6L.E. = Oo, 30°, 
10 
and 16O-5O0. A s  can be seen by comparison of the  r e s u l t s  p re sen ted ,  both o f  
t h e  d e f l e c t e d  leading-edge geometr ies  r e s u l t e d  i n  a r educ t ion  i n  CnB. The 
r educ t ion  i n  C a t  low a n g l e s  of  a t tack  is simply due to  t h e  d e f l e c t e d  lead- 
ing edge provid ing  an inc reased  v e r t i c a l  a rea  forward o f  t h e  moment r e f e r e n c e  
c e n t e r .  A t  h igher  a n g l e s  o f  a t tack ,  t h e  dramatic  r e d u c t i o n  i n  
cour se ,  associated wi th  t h e  suppress ion  of the wing-apex v o r t i c e s .  Although 
t h i s  r educ t ion  i n  
p rev ious  s t u d i e s  (see r e f .  19) have shown t h a t  p o s i t i v e  increments  i n  
when o r i g i n a t i n g  forward o f  t h e  center of g r a v i t y  (as  is t h e  case cons idered  
h e r e i n ) ,  are accompanied by undes i r ab le  reduct ions  i n  damping i n  yaw. For t h e  
p r e s e n t  c o n f i g u r a t i o n  t h e  in f luence  o f  leading-edge d e f l e c t i o n  on damping i n  
yaw is undetermined, and a d d i t i o n a l  tests a r e  r equ i r ed  to determine t h e  e f f e c t  
of leading-edge d e f l e c t i o n  on dynamic s t a b i l i t y  c h a r a c t e r i s t i c s .  
"B 
is, o f  C"B 
a t  h igh  ang le s  of  attack may appear  to be adverse ,  c"B 
CnB I 
The data o f  f i g u r e  19 also i n d i c a t e  t h a t  d e f l e c t i n g  t h e  l ead ing  edge y i e l d s  
a f avorab le  increment i n  C z R .  
i n c r e a s e  i n  geometr ic  anhedra l  which accompanies t h e  leading-edge d e f l e c t i o n s .  
F igu re  20 p r e s e n t s  t h e s e  same d a t a  as the  v a r i a t i o n  of 
CL Noted on t h e  f i g u r e s  are t h e  
r eg ions  of separated and a t t a c h e d  flow as d iscussed  i n  connec t ion  wi th  f i g -  
u r e s  5, 8, and 13.  Analys is  of t h e  r e s u l t s  shows t h a t ,  f o r  t h e  c o n d i t i o n s  
under which a t t a c h e d  flow e x i s t s ,  p o s i t i v e  increments  i n  
and 0.00022 are ob ta ined  ( r e l a t i v e  to ~L.E. = Oo) f o r  ~ L . E .  = 30° and 16O-5Oo, 
r e s p e c t i v e l y .  
This  r e s u l t  is p r i m a r i l y  due t o  t h e  s imple 
C z g  
with  respect to 
f o r  t he  va r ious  leading-edge d e f l e c t i o n s .  
of 0.0001 6 czB 
I t  should be noted t h a t  f o r  cond i t ions  of  a t t a c h e d  flow, aC,,/3CL is 
found to be independent o f  leading-edge geometry and has  a va lue  o f  -0.0058. 
T h i s  va lue  of aCZB/aCL is i n  e x c e l l e n t  agreement wi th  t h e  va lue  of -0.0061 
ob ta ined  from t h e  expres s ion  
2 1 21T 
3 A? 360 
acz,/acL = - x - x - 
which is developed i n  r e f e r e n c e  20. The break i n  t h e  s l o p e  of  C z B  v e r s u s  CL 
is a r e s u l t  o f  f low sepa ra t ion .  
e n t l y  t h e  n a t u r e  of  t h e  leading-edge sepa ra t ion  g r e a t l y  i n f l u e n c e s  t h e  manner 
i n  which t h e  break i n  s l o p e  occurs. 
f i g u r a t i o n  would be in tended  to o p e r a t e  with a t t a c h e d  f low,  t h e  v a l u e s  of  C 
for c o n d i t i o n s  of s epa ra t ed  flow may be misleading. Ex t r apo la t ion  of  t h e  
a t t ached  f low resu l t s  to  h igher  l i f t  c o e f f i c i e n t s  (as could be achieved wi th  
a simple t r a i l i ng -edge  f l a p  system) shows t h a t  w i th  the  leading-edge geometr ies  
Although it is no t  c l e a r l y  understood,  appar- 
I n  as much as a p rope r ly  designed con- 
ZB 
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studied the configuration would exhibit values of 
nominal approach lift coefficient of 0.6. Czg 
of about -0.003 at a 
Effect of geometric anhedra1.- The results of the preceding section indi- 
cates that, as expected, high values of CIB are inherent to the low-aspect- 
ratio highly swept wing. 
mine the sensitivity of Czg 
these results with existing theory. 
metric anhedral increased at span stations - = 0.234 and 0.736 (see fig. 2). 
The leading-edge geometry for the configuration during this phase of the study 
was limited to the continuously warped 6L,E. = 16O-5O0 condition, which was 
previously found to exhibit superior longitudinal performance. Examination of 
the tabulated data (presented in the data supplement at the end of this report) 
. for the various anhedral angles tested shows that the longitudinal variables 
were not influenced by anhedral. The data further show that the geometric 
anhedral does not have any significant effect on the directional stability 
characteristics. Consequently, the discussion is limited to a consideration 
of the influence of geometric anhedral on 
Consequently, tests were conducted in order to deter- 
to additional geometric anhedral and to correlate 




Figures 21 and 22 present the variation of CIB with CL for the various 
anhedral angle combinations tested. From theoretical considerations, it would 
be expected that the values of 
data of fig. 21) would be constant for attached flow conditions. However, 
analysis of the data of figure 21 shows that 
ing lift coefficient. 
results for C versus CL, a selected combination of r-1 = 4O and 
r2 = 1 l 0  was tested. The experimental results (see fig. 22) are seen to 
compare well with results obtained by adding the experimentally determined 
incremental values of C presented in figure 21. 
8CzB/ar (as determined by cross plotting the 
aCzs/ar 
To determine the additive nature of the experimental 
increases with increas- 
18 
16 
Figure 23 presents the theoretical variation of aCZB/ar 
of the corresponding nondimensional semispan location. The theoretical results 
were obtained with a vortex-lattice computational model which is based on the 
theory of reference 15. 
uated from figure 21 at CL = 0.2 and 0.4 are presented for comparison. It 
is noted that although the experimental values of 
increase with increasing 
retical results. Furthermore, both the vortex-lattice theoretical results and 
as a function I 
The range of experimental results for aClB/ar, eval- 
aI' have been shown to aczBI 
CL, they are in reasonable agreement with the the- 
12 I 
the experimental results are seen to be in agreement with the approximate values 
of aC,B/aI' 
reference 21. 
obtained using the simple design chart procedure contained in 
The results presented in figure 23 indicate that quite substantial reduc- 
tions in C may be achieved by introducing geometric anhedral at inboard 
span locations. 
study is required to determine the most effective means of incorporating such 
additional anhedral. 
ZB 
However, it should be recognized that a detailed configuration 
As an illustration, the simplified analysis presented in appendix A con- 
siders the case wherein anhedral is added at an inboard span location. The anal- 
ysis assumes that the wing-tip clearance remains unchanged as would be required 
for the case where the landing gear length was held constant. Obviously, under 
these conditions, adding geometric anhedral at inboard locations necessitates 
the addition of dihedral at outboard locations. The results presented in 
appendix A show that for these conditions, the net resulting improvement in 
is negligible. czB 
SUMMARY OF RESULTS 
The results of a study to determine the influence of optimized leading-edge 
deflection and geometric anhedral on the low-speed performance and lateral sta- 
bility of configurations with highly swept wings may be summarized as follows: 
1. Leading-edge deflection is effective in suppressing the formation of 
wing-apex vortices and promoting attached flow conditions. 
2. Due to the spanwise variation of upwash, the optimal leading-edge deflec- 
tion is a smooth, continuously warped surface. For the particular configuration 
studied, levels of leading-edge suction in excess of 90 percent are achieved 
with a smooth, continuously varying leading-edge deflection of 16O at the side 
of the body and increasing to 50° at the wing tip. 
3. Small discontinuities in surface contour, introduced in an attempt to 
approximate the smooth continuously warped leading edge with a series of dis- 
crete deflections of a multisegmented leading-edge system, resulted in large 
increments in drag (apparently due to flow separation) and corresponding large 
reductions in the leading-edge suction parameter. 
4. A uniform leading-edge deflection of 30° (representing an average value 
of the continuously warped leading-edge deflection) provided higher values of 
the leading-edge suction parameter than provided by the discrete multisegmented 
system. This result is apparently due to the elimination of the small surface 
discontinuities introduced by deflecting the individual segments through dif- 
ferent angles. 
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5. Deflec t ing  t h e  e n t i r e  l ead ing  edge to ach ieve  a t t a c h e d  flow is found to 
p rov ide  a f avorab le  r educ t ion  i n  t h e  i n h e r e n t l y  h igh  l e v e l  of 
a s soc ia t ed  with t h e  low-aspect-rat io  h igh ly  swept wing. C z g  
which is 
6. The t h e o r e t i c a l  va lue  of aCzB/aCL is found  t o  be i n  e x c e l l e n t  agree- 
ment w i t h  exper imenta l  results f o r  c o n d i t i o n s  where a t t a c h e d  f low e x i s t s .  
7. The i n c l u s i o n  of a d d i t i o n a l  geometr ic  anhedra l  to  reduce t h e  high l e v e l s  
I ar which are i n  reasonable  agreement zf3l of Czg is found t o  y i e l d  va lues  of 
with t h e o r e t i c a l  estimates. 
Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
November 25, 1980 
TABLE 1.- GEOMETRIC CHARACTERISTICS OF MODEL 
Wing: 
Aspect ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.904 
Reference area.  mi ( f t 2 )  . . . . . . . . . . . . . . . . . .  0.834 (8.972)  
Gross area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . . .  0.919 (9 .889)  
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  1.260 (4.133)  
R o o t  chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . .  1.674 (5.492)  
T i p  chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . .  0.161 (0.529) 
Reference mean aerodynamic chord. m ( f t )  . . . . . . . . . . .  0.880 (2.887)  
Gross mean aerodynamic chord. m ( f t )  . . . . . . . . . . . . .  1.038 (3.406)  
Lead ing-edge sweep. deg 
A t  body s t a t i o n  0.388 m (1.272 f t )  . . . . . . . . . . . . . . . . .  74 . 0 
A t  body s t a t i o n  1.427 m (4 .683 f t )  . . . . . . . . . . . . . . . . .  70.5 
A t  body s t a t i o n  1.886 m (6.185 f t )  . . . . . . . . . . . . . . . . .  60.0 
V e r t i c a l  f i n  (each) : 
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.107 (0.350)  
R o o t  chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . .  0.326 (1.069)  
T i p  chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . .  0.048 (0.158)  
Leading-edge sweep. deg . . . . . . . . . . . . . . . . . . . . . . . .  73.4 
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TABLE 11.- NUMERICAL MODEL OF CONFIGURATION 
1 SI Units. A l l  dimensions are i n  cent imeters  
1 1  1 1  1 I 1 3 2 1  6 2 5  1 2 2  9 2 n  9 2 7  e 7 1 0  7 1 0  1 1 0  
RCFA 8335.35 
0. .125 .25 .5 .15 1.0 1.5 2.5 5.0 10. X A F 1 0  
15. 20. 30.  LO. 50. LO. 6 5 .  10. 15. 80. XAF 20 
8 5 .  90. 95. 100. XAF 












Y O R G  17 
56.596 5.111 -3.127149.3e2 
81.836 12.3bv -7.59017b.0~4 
126.899 zb.6~1-1o.b88 ni.837 
60.302 6.114 -b.6911b5.144 
69.065 8.687 -6.209136.931 
103.361 18.523 -Y.144102.475 
112.115 21.031 -9.711 93.625 
1b2.728 29.809-11.220 65.385 
156.39b 34.564-11.659 53.003 
163.521 31.0b6-11.951 b8.lb3 
188.458 45.720-1~.815 31.153 
i88.*bn r5.7~1-1~.875 31.153 
2in.359 6~.~~7-14.b30 1 6 . ~ ~ 6  
-i0.51o-i1.noo-i~.315-~~.104 
0.000 . 0 0 1  ,001 0.000 -.001 -.007 -.OOl -.024 -.I19 -.blS 1 7  1.1 
-1.015 -1.673 -3.164 -4.155 -6.366 -1.ROn -8.b31 -9.025 -9.583-10.095 1 7  1.7 
1 z  1.3 
0.000 .001 .002 .003 .003 .003 . 0 0 1  -.005 - .Ob1 -.311 T Z  2.1 
1 7  2.2 
1z 2.3 
- . i ~  -1.3on -2.519 -4.005 -5.468 -6.161 -1.343 -7.~10 -~.b49 -1.9~9 
-9.b64 -9.903-10.269-10.580 
0.000 .003 .006 .OlZ . 0 1 8  .023 .03b .053 .OP7  .06b T I  7 1 . 1  
-.393 -.a05 - 1 . 8 0 1  -2.Yll -4.069 -5.176 -5.61R - 6 . 1 9 0  -6.684 -7.151 T Z  21.7 
-7.590 -1.992 -8.358 -8.618 T Z  2A.3 
0.000 .005 .009 -018 .021 .036 .OS0 e018 .179 . 0 5 2  12 3.1 
-.15R -.43LI -1.133 -1.933 -7.184 -3.648 -4.074 -4.493 -4.904 -5.301 1 7  3.2 
T Z  3.3 
0.000 . O O 5  .009 .O2O .031 .Ob7 .Ob1 .lo1 ,190 .776 T Z  b.1 
.I51 .031 -.341 -.E10 -1.3b2 -1.909 -2 .199 -2.492 -2.184 -3.015 T Z  b.7 
T Z  b.3 
0.000 .006 .014 e026 . 0 3 Y  .OS3 .019 .131 e248 .315 1 7  5.1 
.290 .200 -.014 -.4b5 -.Hl& -1.3bl -1.586 -1.832 -2.018 -2.326 1 7  5.7 
Q . f l O 0  . O O 5  .011 .020 .031 .O42 .Oh3 .IO1 .19R .304 1 7  h.1 
1 7  6.3 
0.000 .004 .001 .016 .026 .032 .Ob6 .013 .119 .PO6 1 7  1.1 
.229 .708 . 1 1 0  -.003 -.192 -.393 -.503 -.613 -.132 - .e50 1 7  1.7 
T Z  1.3 -.969 -1.090 -1.717 -1.326 
0.000 .003 . 0 0 5  .009 .013 .016 .023 .036 .Ob9 .170 1 Z  8.1 
.I51 .lb5 . 1 3 R  -069 -.021 -.l45 -.212 -e282 -e356 -.b33 1 7  8.7 
-5.68b -6.051 -b.398 -6.724 
-3.363 -3.645 -3.927 -b.192 
1 2  5.3 
.3i5 .717 .io5 -.14n -.455 -.me -.9i8 -1.161 -1.351 - ) . S I  T Z  6.2 
-2.514 -7.81~ -3.05~ -3.300 
-1.132 -1.975 -2.11.5 -2.309 
-.511 -.593 -.61@ -.163 1 2  8.3 
0 . 0 0 0  . o w  .oo3 .oo5 .nu* . O L I  .011 .021 .o50 .one 1 7  9.1 
1 z  9.3 
. o w  .ov1 ,016 .031 -.n11 -.071 -.iin -.i45 -.lei -.?in TI 10.7 
-.256 - . 7 Y 4  -.336 - . 3 1 S  TI 10.3 
o.ooo 0 . 0 0 0  O.OUO 0 . o ~ ~  .on7 .oo5 . o m  .ole .031 .ob6 TI 11.1 
.086 .0*1 .OIO .031 -.011 -.01i -.iio -.ib5 - . i n 1  -.?in T Z  11.2 
-.256 -.ZYb -.336 -.315 1z 11.3 
0 . 0 0 0  0 . 0 0 0  o.ooo o .ooo 0.000 o.000 o.ooo 0 . 0 0 0  u.ooo o.ooo i z  12.1 
o .ooo  0 . 0 0 0  0 .000 o.ooo n . o u u  0 . 0 0 0  n.ooo o.ooo u.ooo o .ooo T Z  12.2 
o . 0 0 0  o.noo o.ooo o . 0 0 0  17 1 2 . 3  
.117 .120 . l o 5  .05b -.022 -.l?l -.11b -e234 -.796 -.361 T Z  9.P 
-.b2R -.*PI -.569 -.6b3 
0.000 0.000 0 . 0 0 0  0.000 .On7  .no5 ,009 .018 .031 .Ob6 1 2  10.1 
0.00 .182 .253 .3b5 
1.115 1.271 1.3YO 1 . 4 4 0  
.525 .357 .I79 0. 
. . ~ . .  
.958 Yoin 1.1 
.695 WORD 1.7 
0.00 .la7 .253 .345 
l.Ob0 1.175 1.325 1.374 
.501 .336 .111 0. 
0.00 .187 .253 .345 

















































0.00 .19C .275 .311 
1.010 1 . 1 1 0  1.240 1.793 
.bl5 .319 .I62 0. 
.b91 .330 -168 0. 
1.059 l.lh0 1.301 1.356 
.b98 .334 .1lU 0. 
0 . 0 0  .i9n .275 . 3 ~ i  
.510 .3b2 -174 0. 
0 . 0  .eon . O L I  .034 
. m i  1.031 I.EYO 1.315 
.so5 .339 . I I J  n. 
0.0 9.144 1P.ZRP 71.437 37.nOb 
59.4% hb.no8 13.152 177,296 91.41~ 
0.0 . I Z R  . i n 3  .iv7 .7o1 
187.bb219b.5Yh2Ob~l~O 
-.3b7 -,be6 - 1 . 4 9 0  -2.311 -3.77H 
-1O.lR1-11.3fl2-11~h95 
0.0 R.873 25.669 43.646 5 5 . 6 R 6  
P6.155 96.321 92.228 90.315 9 0 . 3 U 5  
89.298 ~7.609 li.*vv 
.bOC 
1.610 




















. 0 5 1  
1.359 
. 0 5 1  
1.3b7 
,b41 - 5 0 0  .582 
1.259 1.1*1 1.015 
,667 .5no . 5 ~ 7  
1.701 1.094 .9685 
.bbl .500 .5R2 
1.120 1.020 .904 
. ~ b i  .5no .5n2 
. ~ i  .5no .SC? 
.447 .5oo .5n2 
.&*I .5oo . ~ R Z  
1.065 .VI0 . R 5 9  
1.016 .9P .Phl 
1.104 1.006 .E90 
1.110 1.Olb . 9 0  
.147 
.ab6 






































. 0 0 0  
.vi8 
,166 












.925 WORD 2.1 
.663 YOPD P.7 
YORD 2.3 
. ~ e v  w o m z i i i  
.a31 woen 3.1 
.s93 wnm 3.2 
.ne5 YOPD 4.1 
.6?3 YORDZA.7 
YOR024.3  
WORD 3 . 3  
.599 WORD b.2 
*om 4.3 
.e80 WORD 5 .1  
.615 YOl?D 5.2 
. a b 5  WORD 6.1 
.621 Y O R F  6 .7  




















Y O R D 1 0 . 1  




rnrtni 1 ; 3  
e 0 6 1  .10? s l b h  .372 .hO2 YORD17.1  
1.207 1.095 e969 .e21 .669 UOR[112.? 
WORD1 7.3 
36.510 61.168 65.120 50.292 54.866 ~ F ( 1 5  10 
109.12R178.01614h.30b164.5~211~.30@ XFIIS 70 
FUSA 23 
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TABLE 11.- Concluded 
U. S. Customary Units. A l l  dimensions are in i nches 
1 1  1 1  1 I 1324 4 2 3  1 2 2  9 2 8  9 2 1  6 2 1 0  2 1 0  1 1 0  
1291.98 REFA 
0 .  .12s .25 .5 . f S  1.0 1.5 2.5 5.0 IO. K I F  10 
15. 20. 3 0 .  40.  SO. 6 0 .  65. 10. 15.  8 0 .  X A F  20 
85 .  90. 95. 100. XAF ~~. 




























T Z  1.1 
T Z  1.2 
T Z  1.3 
12 2.1 
TZ 2.2 
T 2  2.3 
T Z  21.1 
1 2  21.2 
7 2  2A.3 
T Z  3.2 
T 2  3 . 3  
TZ 4.1 












l b ; l U 6  11.000 12.265 
14.196 18.000 12.265 
85.968 24.800 6.494 
0 . 0 0 0  ,000 0.000 
-.bo0 -.659 -1.012 
-4.162 -1.331 -4.608 
0 . 0 0 0  . o o o  .001 .001 
-.295 -.SI5 -1.015 -1 ,511  
-3.126 -3.899 -4 .043 -4.165 
0.000 .OOl .002 .005 
- . I55  -.311 -.lo9 -1.148 
-2.988 -3.166 -3.290 -3.416 
0.000 ,002 - 0 0 1  .OD1 
-.446 -.161 
-2.519 -2 .641 
.004 .008 
- . I 3 4  -.319 

























. 0 0 1  
-2.153 



































-2.081 -.Ob2 -.I72 
-2.238 -2.382 
0.000 .002 



















T 2  4.3 
1z 5.1 
TZ 5.2 
T Z  5.3 
T Z  6.1 
7.7 6 .2  
T Z  6 . 3  
T Z  7.1 
TZ 7.2 
T Z  1 . 3  
1Z 8.1 
T Z  8.2 
T 2  8 . 3  
T Z  9.2 
T Z  9.3 
1 2  10.1 
1 2  10.2 








. o n  
-.532 
0 . 0 0 0  .003 .005 
. I 1 4  .079 -.O29 
-1.013 -1.110 -1.204 
0.000 -002 . O O 1  .a17 
- .311 
.Ob0 












- 0 3 0  
-.I32 
- . O W  
-.909 
.006 .010 .013 .018 














0 . 0 0 0  . 001  
.OYO .ow1 
-.382 -.be9 
0.000 - 0 0 1  
. ~~ 
. 0 0 4  . 0 0 5  .006 .OO9 
-021 -.010 -.051 -.On4 
.014 
- . I 1 1  
.Ob1 
-.I10 .Ob2 .Ob5 
-.201 -.234 





-.IO1 - . I 1 6  
- . 3 0 0  
.002 .004 .005 . 0 0 1  
- 0 2 1  -.009 -.Ob8 -.Ob9 
-.253 
0.000 .001 ,002 ,004 
- . I18  
-014 -.OU7 -.a30 -.Ob3 
.011 
-.092 






- . 086  
~~ 
0 . 0 0 0  0.000 0 . 0 0 0  0 . 0 0 0  . 001  .002 , 0 0 1  .OOl . 0 1 4  .026 
,034 .03b ,030 .014 -.OOl - .030 -.Ob3 - . 0 5 1  -.011 -.a86 
T i  11;i 
TZ 11.2 
T 2  11.3 
1 2  12.1 
T Z  12.2 


















-.I01 - . l i b  -.I32 -.148 
0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . ~ 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0.OOU 0 , 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
0.00 . I 8 2  .253 .345 ,405 . 4 4 1  -500 
1.115 1.221 1.3VO 1.440 1.110 1.259 1.141 
.525 .352 .I79 0. 
0.00 .182 -253 .345 .bo5 -441 a500 
1.040 1.115 1.325 1.314 1.340 1.201 1.09) 
.501 . 336  - 1 7 1  0. 
0.00 .I82 .253 .345 .bo5 .441 e 5 0 0  
1.015 1.110 1.230 1.281 1.255 1.120 1.020 
.410 .315 . l b l  0.0 
0.00 .I82 .2b3 .345 .405 .411 - 5 0 0  
-912 1.035 1.114 1.218 1.193 1.065 e910 
-582 .742 













- 8 3 1  
.593 .~ 
. b b l  ;3d0 ;153 a . - ~  ~ 
0.00 .I82 -253 .345 .LO5 . b b l  .SO0 .582 -100 -865 
.980 1.065 1.189 1.230 1.205 1.016 e98 .a61 - 1 4 0  -599 
.452 . 303  e 1 5 4  0 .  
0 . 0 0  -182 -253 .345 - 4 0 5  .441 e500 .582 -708 e 8 8 0  
1.00 1.090 1.218 1.263 1.231 1.101 1.006 .E90 .160 e615 





























- 1 3 1  
1.328 





. 0 3 4  . 0 5 1  
1.315 1.341 
0. 
1 0 . 8  12.6 
32.4 -.a 














. 6 0 0  
.918 





50.r 5 7 3  
.110 







WORD 6 . 2  
M O R 0  6.3 
0 . 0 0  
1.005 




. 8 0 5  
































































- 5 1 0  
0.00 
.334 . I 1 0  
. I 9 8  .215 
1.182 1.331 
. 3 4 2  -114 










1.105 I.Ob1 1.302 
.342 .I14 










3 3 : T  
19.8 
6 I . E  
21.6 
7 3 . 2  
3.6 1.2 
25.2 2t)ru 
13.8 11.1 81.0 XFUS 23 
0 . 0  . 0 5 0  -072 e 0 1 5  -019 -019 e015 .O6e -039 -.Ole 2FUS 10 
- . I 3 1  -e210 -.581 -.936 -1.314 -2.030 -2.653 -3.191 -3.679 -4.025 ZFUS 20 
- 4 . P 4 4  -4-649 -*ab04 7F1K ? ?  .. . _ _  ._ 
0.0 I.;, 3.918 6.765 8.631 10.446 12.066 13.284 14.256 16.696 FUSA 10 
11.901 14.930 14.450 14.010 14.010 14.313 15.189 15.481 15.060 lb.189 FVSA 20 
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I 1 I I I 
.3  .4  .5 .6 .2 
cL 












- Leading-edge wing crank 
\ 
I I 1 ! 1 
0 .2 .4 .6 .8 1 .o 
Y/b I 2  
Figure 11.- Variation of theoretical upwash with nondimensional semispan. 
Theory based on vortex-lattice computational model. 
(ref. 5). 
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(see f i g .  11) 
-- -Leading-edge deflection 
I I I I 1 
.8 1.0 .2 . 4  .6 
/ b / 2  
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I I I I I 
.2 . 3  .4  .5 .6 
cL 
Figure 15.- Effect of continuously warped leading-edge deflection on 
leading-edge suction. 
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6 deg L.E. 
0 
- - 30 - - -  
- - -  16 - 50 
---- 16 - 50 unfaired 
\ 
A I I I I 
.2 . 3  .4 .5 .6 
cL 
F igure  17.- E f f e c t  of removing f a i r i n g s  from a d j a c e n t  segments of 
cont inuous ly  warped l ead ing  edge. 
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P r e s e n t  c o n f i g u r a t i o n  
- - --Data from r e f e r e n c e  5 
-. 004 
I 1 1 I I I 
4 8 1 2  -8 -4 0 
a ,  d e 8  
18.- Variation of lateral-directional stability derivatives with angle 















30 - - - -  
- - -  16 - 50 
-7---- : 
- .004 
1 I I I I I 
-8 -4 0 4 a 1 2  
a, dee, 
Figure  19.- E f f e c t  o f  leading-edge d e f l e c t i o n  on l a t e r a l - d i r e c t i o n a l  




















I I I I I 
-.2 0 .2  .4 .6 
cL 
(a) rl va r i ed ,  r2 = Oo. 









-.2 0 .2 .4 .6 
cL 
(b) rl = 00, r2 varied. 
Figure 21 .- Concluded. 
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r ,deg r ,deg 
1 2 
0 0 





11 l i n e a r  a d d i t i o n  
( s e e  f i g .  21)  
1 I r 1 1 
-.2 0 .2 .4 .6 
cL 
Figure 22.- Effect of geometric anhedral, I-1 and r2 in combination, 









- Theory (ref. 15) 
0 Experiment (fig. 21) 
0 Approximate method (ref. 21) 
.2 . 4  .6 .8 1.0 0 
'1b/2 
Figure 23.- Values for aclB/aI' obtained by inclusion of additional 
Y - 
b/2 
geometric anhedral at span station 
APPENDIX A 
. 
EFFECT OF GEOMETRIC ANHEDRAL ON C Q  
c2B The fo l lowing  simple a n a l y s i s  is intended to  i l l u s t r a t e  t h e  e f f e c t  on 
o f  i n c r e a s i n g  t h e  geometr ic  anhedra l  of  t h e  c o n f i g u r a t i o n  reported he re in .  The 
a n a l y s i s  assumes t h a t  t h e  wing-tip c l ea rance  remains unchanged, as  would be 
r equ i r ed  f o r  t h e  case wherein the  l and ing  gear l e n g t h  is h e l d  c o n s t a n t .  
Consider t h e  wing semispan ske tched  i n  f i g u r e  A l .  The spanwise l o c a t i o n  
of  t h e  anhedra l  breaks, and t h e  corresponding anhedra l  ang le s  d e f i n e  t h e  change 
i n  v e r t i c a l  h e i g h t  o f  t h e  wing t i p  (Azt ip)  a s  
where t h e  subscripts i and o r e f e r  to  t h e  v a l u e s  associated wi th  assumed 
inboard and outboard locations, r e spec t ive ly .  Requi r ing  A Z t i p  = 0 and solv- 
ing  f o r  ro y i e l d s  
AS shown i n  t h e  body of t h i s  r e p o r t  (see f i g s .  21 and 22)  , t h e  increment i n  
Czg r e s u l t i n g  from r i  and ro may be determined by l i n e a r  combination, 
t h e r e f o r  e 
S u b s t i t u t i n g  equa t ion  (A2) i n t o  equa t ion  (A3) y i e l d s  
c 
X r i  (A4 1 
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Evaluat ion o f  equat ion  ( A 4 )  shows t h a t ,  f o r  t h e  v a r i a t i o n  o f  aczB/ar p r e s e n t e d  
i n  f i g u r e  2 3 ,  main ta in ing  c o n s t a n t  wing-tip c l e a r a n c e  would l i m i t  t h e  f a v o r a b l e  
increments i n  CzB to n e g l i g i b l e  va lues .  For example, cons ider  t h e  r e s u l t  f o r  
t h e  spanwise l o c a t i o n  of anhedra l  breaks  tested on t h e  p r e s e n t  c o n f i g u r a t i o n .  
A t  span l o c a t i o n s  - = 0.234 and 0.736, t h e  t h e o r e t i c a l  r e s u l t s  o f  f i g u r e  23 Y i  
b/2 
show aczB/ari = 0.85 x 10-4 and acl8/arO = 0.27 x 10-4. Assuming t h e  
anhedra l  a t  t h e  inboard l o c a t i o n  is increased  by 5O (with no c o n s t r a i n t  on 
wing-tip c l e a r a n c e ) ,  t h e  increment i n  
ACzg = 4.25 x 
z e r o  and assuming t h e  v a l u e  o f  
a n g l e s ,  t h e  increment i n  C z B  
CIB 
f o r  t h i s  c o n d i t i o n  would be 
However, c o n s t r a i n i n g  t h e  change i n  wing-tip c l e a r a n c e  to  
ACZB/aro a p p l i c a b l e  f o r  increased  d i h e d r a l  
would be o n l y  0.33 x 10-4. 
'0 "1 
f o r  Az = 0 
t i p  




The symbols used in the data tabulation are defined as follows: 
I ALPHA angle of attack, deg 
I BETA angle of sideslip, deg 
CD drag-force coefficient; stability axis 
CL lift-force coefficient; stability axis 
m pitching-moment coefficient; stability axis 
CRM rolling-moment coefficient; body a x i s  
CY side-force coefficient; body axis 



































TABLE B1.- TEST PROGRAM 
































16-50 i faired 
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T E S T  5 9  
B E T A  
- .G6 
- . 0 8  
-.d7 
- . u 6  




- . b 4  
- . 0 3  
- . 0 3  
-.03 
-.07 
- . o r  
T E S T  :9 











4 . 6 7  
4 . 6 1  
4 .60  
4 .90  
T E S T  > 9  
@ E T A  
-5.02 
-5.08 




- 4 . 9 6  




- 4 . 6 6  
-4.65 
-5.02 
T E S T  5 9  






- 5 . 0 0  
-4.96 
-4.92 

















































1 6 . 5 7  
12.78 
1 4 - 0 6  















1 4 . 5 1  
14.65 
- 2 4  
APPENDIX B 
TABLE: B2. - TABULATED DATA 
N P Z A  LANGLEY 7 X 10 H I G H  S P E F D  T l ' N N E L  
C L  
. 0 9 0 t  -. 1296 
-.c493 
.0256 
- 0 9 3 9  
,1700 













- 1 7 0 6  
,2568 
, 3 4 9 7  
. 4 r 5 9  
a 5 5 0 7  



















C L  




$ 2 2 8 2  
3049 









- 0 l P 9  
.0118 
- 0 0 9 7  
.0110 









C O  








- 0 7 4 2  
. l o 6 7  
.1612 
, 2 2 2 8  
.2295 
.0112 
c o  
,0113 
- 0 1 9 5  
,0122 








- 7 2 4 8  
.2359 
. O l l C .  
t o  
. 0 1 4 1  
.03?-h 











. i 3 4 e  












- 0 8 5 0  
,0893 
.0133 
C M  
.0130 
.0054 
- 0 0 7 4  
.0092 
- 0 1 3 4  
.0159 
. o l e 1  







C M  
,0123 
- 0 0 5 2  
.0077 







- 0 6 2 9  
,0839 
- 0 9 0 4  
-0126 











- 0 2 3 7  
- 0 3 2 3  
- 0 3 3 3  
.0027 




- . 0 0 0 3  
,0003 
.000@ 
. ooc1  
. C O O 3  
.0008 
. 0001  
- .0001 -. 0008 
-.0007 -. 0001 
CYPI 
- . O O O ?  













C R M  
-.0031 
- 0 0 3 1  
.0020 











C R P I  














C P P  









. O O P O  
- 0 0 7 2  
. O C R 1  
.OC8h 
-0003 




, 0001  
.0002 
- 0 0 0 4  
.0012 
.0033 










- s o 0 0 7  





- . 0063  































. 0 0 6 5  
.0025 
.0r09 












- .0@10 -. 0000 
-e0093  
C Y  
.0100 










- 0 0 4 3  
- 0 1 0 3  
,009 e 
C Y  
e0146 
- 0 2 5 0  
,0213 
- 0 1 7 2  
e0159 
,0142 
- 0 1 4 9  





- 0 1 4 3  
,0174 
APPENDIX B 
T E S T  
T E S T  
T E S T  
T E S l  
39 
B E T A  
4.91 
4.93 





4 . t 3  





5 9  







- a 0 5  
- .04 
- . 3 4  
- . 0 4  










- a 0 6  
- s o 5  
- . 0 5  
-.04 
- e 0 4  
-a03 -. 0 4  -. 02 
-.Ob 
5 9  














P U N  5 
A L P H A  
. I1  
-5.79 




4 . 2 0  
6.27 
e .  30 
10.27 
12.47 
1 4  64 
.12 
R L N  6 














R U N  12 








6 . 2 3  
8 . 2 8  
1 0 . 2 1  
1 2 . 3 3  
12.32 
14.64 
- 1 2  
R U N  1 3  









8 .20  
10.16 
12.30 
1 4 . 6 2  
. c 1  
TABLE B2.- Continued 
N A S A  L A N G L E Y  
C L  
,0780 -. 1598 
-.0789 
. 0026  
.C784 
.1543 





. 0 7 t 0  
.29e7 





- 0 7 5 0  
- 1 5  1 6  




- 5 3 1 6  
.6338 
,0750 
C L  




- 0 6 2 9  
- 1 4 3 2  
- 2 1 6 8  
.2905 
- 3 7 0 3  
.4366 
,5145 
- 5 1 4 4  
, 6 0 2 2  
.Ob40 
C L  




- 0 6 2 0  
~ 1 4 1 0  
a2157 
- 2 9 3 2  




- 0 6 2 0  
C D  
, 0 1 4 0  
, 0 3 3 6  
, 0 2 2 1  
.015P 
- 0 1 3 7  
- 0 1 F 5  
.02c9  
,0290 





C O  
- 0 1 3 7  
, 0340  
,0226 
- 0 1 5 6  
- 0 1 3 5  
,0153 
. O Z C C  
- 0 2 9 6  




- 0 1 4 0  
C D  
- 0 1 3 8  
e0347 
- 0 2 3 5  
- 0 1 6 4  
.0135 
~ 0 1 4 9  
- 0 1 9 0  
- 0 2 6 9  
,0399 
.0552 













, 0381  
,0555 
.OR23 
. 1 1 P B  
,0143 
C M  
~ 0 0 7 6  
- . C 1 4 0  















0 0 0 1  
,0023 
.0058 
, 0084  
. n i o 7  





C M  
. 0 1 0 1  
-.0038 
- 0 0 3 6  
, 0091  
.01co 
,0089 
- 0 1 0 5  
.0123 
- 0 1 6 6  
.0227 
.0228  
- 0 3 2 7  
,0100 
,0127 
C M  
,0095 
- . 0066  
.0016 
- 0 0 7 0  
.0099 
- 0 1 0 3  
- 0 1 1 3  
,0116 





7 X 1 0  H I G H  S P E F O  T l f Y k E L  
C R M  
-.0009 
.OC48 






-.0102 -. 0089 
-.0107 
-.0010 





















.0011 . 00 09 
.0002 
.0003 -. ocoo 
.0012 
.0011 
C R M  
, 0 0 0 4  
,0040 
,0027 









- 0 0 0 7  














C Y M  -. 0003  
-.0006 
-.0004 
- . 0 0 0 4  
-.0003 








C Y  
-.0133 
-.0220 











C Y  
.0015 
- 0 0 2 9  
-0026 
.0014 





- 0 0 3 3  
.00h4 
, 0031  
.0015 
C Y M  C Y  
-.0001 .0011  
,0001 .0012 
.0004 , 0011  
.0002 .0007 
-.0001 .0008 -. 0002 .0c19 
-.0003 .0019 
-.0002 ,0023 
.0001  - 0 0 3 4  
- 0 0 1 4  .0c60 




C Y M  












. 0001  






- .0131  
-.0140 
- s o 1 4 9  
-.0123 
-.0108 
- . 00h6  
.0c15 
- n o 1 3 1  
49 
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TABLE B2.- Continued 
N A S A  L A N G L E Y  7 K 1 0  H I G H  S P E E D  T U N N E L  
T E S T  5 9  
B E T A  
-5.03 
-5.09 











R U N  1 4  





- 1 6  
2 . 2 6  
4.28 




14 .81  
.19  
T E S T  5 9  RUN 16  
B E T A  A L P H A  
-e07 - 1 3  
-.09 -5 - 7 0  
-e08 -3.76 
-.07 -1.77 
- . 0 7  .18 
-006 2.23 
-.05 4.22 
-.05 6 . 2 6  
-.04 8 . 3 0  
-.04 10.24 
-e04 12.37 
- n o 3  1 4 . t 3  
- .07 .15 
T E S T  5 9  R U N  19  














T E S T  5 9  R U N  20  
B E T A  A L P H A  
-5.03 .18 
-5.09 -5.71 
-5 .08  -3.72 
-5.06 -1.73 





-4.76 12 .46  
-4.69 14.78 
-5.03 . l e  
-4.62 1 0 . 3 1  
C L  
.Ob56 
- e1703  
-e0906 
- e0113  
e0649  
- 1 4 5 5  
,2178  
-29 34 
- 3 6 7 8  
- 4 3 8 6  
- 5 2 0 2  
.6289 
, 0 6 7 0  
C O  
. 0 1 4 3  
- 0 3 4 6  
.0166  
- 0 1 5 4  
- 0 1 9 6  
. O t R O  
- 0 4 0 4  
.05CO 
- 0 2 3 4  
- 0 1 4 1  
,0813  
- 1 2 4 1  







. 0108  
, 0 1 2 2  
, 0 1 3 7  
mol67 
- 0 2 3 2  
, 0 3 3 1  
.00@7 
. 00e2  
C P P  
.0005 








, 0 1 0 3  
.0066 
, 0 0 0 1  
-*0005 
C Y M  
-.0001 






-.0007 -. 0004  
-.0001 
.0008 
, 0 0 0 5  
-.0001 
C L  
- 0 6 8 6  
-.1606 
- . O B 1 1  
-.0034 
- 0 7 3 7  







, 0 7 9 1  





- 0 6 5 1  
- 1 4 2 9  
- 2 1 6 0  
e2906 
- 3 6 0 5  
.4359 
- 5 1 4 1  
- 6 1 3 6  
, 0 6 5 0  
C L  
, 0616  -. 1 6 9 3  
-.09C3 
-e0140 
, 0 6 4 5  
1414  
- 2 1 2 4  
, 2 8 5 0  
.3595 
, 4 3 3 0  
- 5 1 2 9  
- 6 1  29 
, 0 6 0 1  
C D  
- 0 1 4 5  
, 0 3 4 4  
.0237  
, 0 1 7 1  
- 0 1 4 6  
- 0 1 t 3  
. 0210  
.C292 
, 0 4 2 6  
.0583  
,0806 
, 1 1 4 2  
- 0 1 5 3  
C M  
- 0 1 0 3  
- .0027 
- 0 0 3 6  




- 0 1 3 1  
- 0 1 3 6  
.O le5  
- 0 3 4 4  
- 0 1 0 3  
, 0 2 5 3  
C R M  
,0002 
-moo03 
. o o o t  
.0006 
, 0 0 0 3  
,0006 
e0004 






C Y M  
. 0001  
e0005 
.0007 
- 0 0 0 6  
, 0 0 0 1  
-.0001 
-.0002 
- e0003  
. 0 0 0 1  
- 0 0 1 3  
,0009 
-.0002 
, 0 0 0 1  
C D  
- 0 3 4 4  
, 0 2 3 4  
, 0 1 4 6  
- 0 1 5 6  
- 0 1 4 5  
- 0 1 6 9  
-0196 
02 74 
, 0 3 8 7  




C D  
.0142 




, 0 1 5 5  
. 0 1 9 t  
.0274 
- 0 3 9 2  
, 0 5 5 8  
.oLcoo 
- 1 1 9 3  
, 0 1 4 4  
C M  
e0099 
. .0050 




, 0 1 2 5  
e0125  
. O l t b  
.0204 
-0266  
- 0 3 6 4  
.009e 
C M  
e0085  
- e0050  
- 0 0 1 4  
- 0 0 6 7  
. O O P 6  
0094 
, 0 1 1 6  
- 0 1 3 0  
. o l e o  
- 0 1 9 3  
, 0 2 5 1  














- e0087  
,0032 
C R P I  
-.0019 





, 0 0 3 1  
, 0 0 4 3  





C Y \  
0005 
- a 0 0 0 7  
-.0008 
-.0004 




, 0 0 1 2  
















, 0 0 1 3  
- . O O C l  
C Y  







- 0 1 5 8  
, 0 1 2 7  
, 0 1 1 7  
- 0 0 9  5 
e0142  
, 0 1 6 8  
C Y  
.0014 
,002 2 
. 0014  
- 0 0 0 9  
.0020  
- 0 0 2 5  
e 0 0 2 9  
- 0 0 4 4  
- 0 0 4 4  




C Y  
-.0166 
- e0242  
-.0205 
- e0174  
-.0159 




- e0142  
- e0094  
- e0029  
-.0168 
C Y  
e0136  
.0211  
- 0 1 7 0  
, 0 1 4 9  
- 0 1  40 
, 0 1 3 2  
- 0 1 4 1  
.01e2 
- 0 1 7 3  
- 0 1 4 4  
.0128 
~ 0 1 0 3  
- 0 1 3 0  
50 
T E S T  
T E S T  
T E S T  
T E S T  
59 










- 4 . 8 2  
-4.76 
-4 .69  
-5.03 
39 






4 . 8 8  
4 . 8 6  
4.63 










- . 07  
-.Ob 













- . 0 7  





- . 0 4  
-e03 
- . a2  
-.07 
APPENDIX B 
TABLE B2.- Continued 
h b S A  L A N G L E Y  
RUN 21 














i l U N  2 2  














R U N  2 3  
A L P H A  
.ll 












R U N  24 














C L  
-0675 -. 1617 










- 0 7 7 4  














C L  












C L  
,0674 
-.1557 










C O  C M  
-0142 ,0063 
-0337 -.Got5 




. 02c7  ~ 0 1 1 4  
.02Fr) mol19 





C D  C M  
-0143 -0093 
.0337 -.0058 











c o  CM 
01 34 ,0092 
.0341 - . 0 0 2 6  










C O  CM 













7 X 10 H I G H  S P F E O  T U N N E L  
C R M  
-.0014 
-.GC44 










C P M  
.0017 
.0058 
- 0 0 4 0  
.or2e 
-0019 -. 0009 
-.0033 
-.005C. 
- . O C 7 4  
-e0095 -. 0098 
-.010q 
. 0 0 1 c  










.0002 -. 0001 
-0015 
-.oooo 
C P M  





, 0006  . ooor 







































- . O O O l  












































































T E S T  5 9  P U N  






4 . e e  
4 .86  
4.R3 






A L P H I  
.1c  
-5 .78 
-3 .63  
-1 .62  . c 9  
7 . 1 6  
4.16 
6 . 2 4  
h . 2 0  
1b.28 
i 2 . 3 5  
1 4 - 6 0  
.09 
T E S T  5 9  RUIv 2 6  
B E T A  A L P H A  
-5.03 .19 
-5.09 -5 70 
-5.08 -3.72 
-5 05  -1 .71  
-5.03 .20 
-5.00 2 .26  
-4.96 4 . 3 0  
-4.92 6 .31  
-4.88 8 .38  
-4.81 1 0 . 4 4  
-4.76 1 2 . 4 6  
-4.69 14.79 
-5.03 . 2 1  
T E S T  5 9  R U N  27 
B E T A  A L P H A  
- 5 . 5 3  .19 
-5.09 -5.71 
-5.08 -3.73 
-5.06 -1 .71  
-5.03 . 24  
-5.00 2.27 
- 4 . 9 6  4 . 3 0  
-4.92 6.33 
-4.08 8 . 4 1  
- 4 . 8 2  10.34 
-4.76 12.49 
-4 .69  14 .83  
-5.03 . 2 2  
T E S T  59  R U N  2 8  
B E T A  A L P H A  
4.90 .10 
4 . 9 3  -5 - 8 0  
4.92 -3.b4 
4.92 -1.84 
4.90 .09  
4.68 2.17 
4 . 8 6  4 .17  
4.e3 6 - 2 2  
4.80 8.27 
4.76 10 .23  
4.71 12.39 
4.65 1 4 . 6 2  
4 .90 .09 
TABLE B2.- Continued 
N A S A  L A N G L E Y  
C L  
.L.b37 
- . 1591  
- . O f 3 5 2  
- .0076 
.Ob 36 
, 1 4 2 1  
, 2 1 4 5  
, 7 9 0 0  
, 3 6 2 9  
, 4 3 6 3  
, 5 1 2 0  
.6003 
.Ob58 
C O  
. 013b  
- 0 3 2 5  
. 0 2 2 b  
. O l t 3  
- 0 1 3 7  
- 0 1 4 9  
. G l E P  
. 0 2 7 ?  
.0392 
. 0566  
.0@15 
. 1 1 6 3  
. 0139  






. 0111  
.0130 
. 0133  
- 0 1 6 1  
, 0 2 2 2  
. 0 2 R O  
.0409 
.0090 
C L  
- 0 6 3 5  
-.1617 
- .0857  
- . 00E8  
,0616 
-1403 
- 2 1 3 8  
.2870 
, 3 6 1 3  




C O  






- 0 1 9 4  
. 0 2 7 3  
, 0 3 9 9  
.0569  
.07QE 
, 1 1 9 4  
.0139  
C P  
. 0 0 r 1  
- . O l C O  
- . 0 0 c 4  
- 0 0 5 1  
.OC80 
, 0 0 9 9  
, 0 1 1 4  
, 0 1 3 6  
.0172 
, 0209  
- 0 2 7 1  
.0370  
.00E7 
C L  
. 0703  -. 1632  
-.OB60 
- . c o 4 5  





. 4 4 8 2  
.5279 
. 6362  
- 0 7 7 5  
C O  
. 0 1 4 1  
.0339  
. 0 2 3 0  
. O l b 4  
. 0142  
- 0 1 5 6  
. 0 2 0 2  
, 0 2 8 9  
. 0 4 1 7  
, 0 5 7 7  
.08 30 
. l 2 5 5  
- 0 1 4 5  
C M  
. 0 0 7 0  
- .0075 
. O O l O  
. 0 0 6 2  
. 0077  
- 0 0 8 6  
. 01c2  
. 0 1 2 1  
. 0 1 3 7  
. 0 1 6 1  
, 0 2 2 5  
. 0 3 3 0  
.O t77  
C L  







, 2 9 8 1  
, 3 6 9 8  
, 4 4 3 3  
.5234  
. 6 1 1 1  
.Ob72 
CO 
- 0 1 4 1  
, 0 3 4 1  
. @ 2 3 4  
. O l  b e  
, 0 1 4 1  
, 0 1 5 1  
.01R9 
- 0 2 7 1  
.03P9  
.05  b6 
.O82h 
, 1 1 7 4  
, 0 1 4 1  
C M  
.OC91 
..OC66 
, 0 0 1 6  
, 0065  
, 0 0 8 8  
- 0 1 0 4  
, 0 1 1 0  
- 0 1 1 5  
, 0 1 3 7  
, 0 1 5 7  
. 0 2 2 4  
.0353 
.0089 
7 Y 1 0  W I G H  S P E E D  T U N N E L  
C P C  
.0037 
. 0 0 h l  
.0052 
, 0 0 4 3  
.0036 
.0011  




- e0075  
-a0092 
, 0 0 3 1  
C Y M  
- 0 0 1 7  -. 0006 -. 0006 
-0004 
. 0019  
.0020 
.0015 
, 0 0 2 6  
.0024 
.0019 
. O O O R  
- .0001 
, 0 0 1 7  
C Y  
- .0190 












C P P  
-.0024 
-.00:3 
- . o c 4 c  







- 0 0 9 1  
.0062 
-.0025 






- e0019  
- a0019  
- .0020 
- a0016  
-.0019 
-.0016 
, 0 0 0 1  
- .0016 
C Y  
. 0171  
, 0 2 2 5  







- 0 1 5 4  
- 0 1 3 9  
.00p9 
.0170 
C R M  
-.0008 





- 0 0 5 0  
, 0 0 7 0  
.0093 
. 0101  
.0062 




, 0 0 1 6  




- . 0006  -. 00@2 
- .0004 
, 0 0 0 1  
.0004 
- .0001 
C Y  










, 0 1 0 6  
. 0 0 8 1  
,0139  
C R M  
. 0013  
.0064 
- 0 0 3 3  



















. O O O P  
, 0 0 0 5  
- . 000e  
-SO013 
.0002 















TABLE B2.- Continued 
NASA LANGLEY 7 Y 1 0  HIGH S P E F O  TUNNEL 
T E S T  
T E S T  
T E S T  
T E S T  
59  




- a07  
-.Ob 
- m  06  
-.05 
-.04 









- . 3 8  










5 9  
BETA 
4 .9b  
4 .93  
4.92 
4 .92  
4.90 
4.88 




4 .71  
4.65 
4.90 
5 9  
BETA 
-5 .03  
-5 .09  
-5.08 








-4 .69  
-5.03 




- 3 . 8 0  
-1.78 
. 1 4  
2 .18  
4.20 
6 .22  
8.29 
1 0 . 2 4  
12 .40  
1 4 . 6 3  
. I 2  







- 2 1 9 3  
, 2 9 2 5  
.3692 
.4393  
, 5 1 7 6  
.5997  
, 0 6 4 1  
c o  
- 0 1 3 8  
- 0 3 4 5  
- 0 2 3 3  
- 0 1 6 4  
.0138  
- 0 1 4 7  
$ 0 1 8 9  
. 0 2 6 7  
. @ 3 9 7  
.0555 
.07E4 
- 1 1 1 6  
, 0 1 3 8  
C M  
009 1 
. . O O C l  
, 0037  
,0076  
, 0 0 9 7  
- 0 0 7 9  
- 0 0 9 4  
,0109  
,0114  
- 0 1 5 7  
, 0 2 2 0  
, 0 3 1 0  
.ooe9  
C R I ”  
, 0 0 0 7  -. 0004 -. 0005 
0007 
- 0 0 0 7  
.0003 
.0002 














- e0004  
-.oooo 
. 0013  
- 0 0 0 3  
- .oooc  
-.0001 
C Y  
- .0001 
,0008 
- 0 0 0 9  
.0002  
, 0 0 0 7  
. O O l O  
.0006 
.0018 
- 0 0 2 4  
- 0 0 5 1  
- 0 0 7 0  
. 0 0 6 1  
-.0002 
R U N  30 
ALPHA 




. 1 5  





1 2 . 3 7  








- 1 4 8 9  
- 2 2 1 3  
.2925  
.371  6 
.4395 
.5129  
, 6 0 1 3  
.0728  
c o  
.013h 
. 0 3 3 3  
.023G 
. C l t 3  
, 0 1 3 P  
. 0148  
, 0 1 9 4  
, 0 2 7 2  
.0408  
, 0 5 6 6  
, 1 1 3 2  
- 0 1 3 8  
. 0 7 a i  
C M  
-.0085 
.ooes 
, 0 0 1 9  
- 0 0 7 1  
0090  
. 0082  
.01G1 
, 0 1 3 1  
- 0 1 2 7  
, 0 1 7 9  
, 0 2 4 6  















- . 0 0 0 3  
CYM -. 0001 
, 0 0 0 2  






. 0 0 0 1  





e 0 0 0 9  
- 0 0 1 5  
.0011  




- 0 0 2 7  
- 0 0 2 3  
.005 7 
- 0 0 5 6  
.0064 
- 0 0 1 3  
R U N  3 1  
A l P H b  
.c9 
-5.80 






8 .32  
10 .27  
12 .44  
14 .63  
. l l  
CL 
.Ob48 
- e1613  
-.0853 
- .0060 
, 0 6 9 2  
, 1462  
- 2 1 9 1  
- 2 9 5 0  
.3712 
- 4 4 1 9  
- 5 2 4 9  
- 6 1 0 5  
.O6eb 
C O  C M  
, 0 1 3 6  . o o e 1  
.0329 - s o 0 9 7  
, 0 2 2 5  -.0009 
- 0 1 6 0  - 0 0 5  4 
. I l l 36  . O O E 8  
.G146 .0096 
.01P6 ,0112  
- 0 2 7 0  ;0121  
.0396  , 0 1 5 3  
.0569 , 0 1 8 8  
, 0 8 4 3  , 0 2 6 5  
. l i p 3  , 0 3 7 7  
- 0 1 3 6  .00e1  















- 0 0 1 4  
-.0006 -. 0 0 0 7  
.0001  
, 0 0 1 4  
, 0 0 1 3  
.0011  
-001P  




, 0 0 1 3  
C Y  
- a0170  
-.0212 
- . o l e 2  
- e0169  




- e0164  









-1 s 72 
‘ 1 8  
2.26 
4 . 2 6  
6 . 2 8  
8 . 3 7  
l u . 3 2  
12 .49  
1 4 - 8 0  
. 1 7  
C L  




- 1 4 6 3  
, 2 1 7 4  
- 2 9 0 6  
- 3 6 4 2  
, 4 3 8 6  
.52U6 
- 6 2 0 2  
.Ob60 
C O  C M  
- 0 1 4 0  .oooe 
.0329 - .0107 
- 0 2 2 6  - .0015 
.0161  , 0 0 4 6  
, 0 1 3 8  .0070  
, 0 1 5 1  .0088 
.0192 , 0 1 0 7  
- 0 2 7 6  . 0 1 2 1  
, 0 4 0 1  , 0 1 5 0  
. 0 5 t 5  . o i r 2  
. 0820  . 0239  
, 1 2 1 1  .0350 







. 0013  
.0038 






C Y M  
- .0011 
.0008 












, 0 1 5 9  
- 0 2 1 6  
, 0 1 7 7  
- 0 1 5 6  
e 0 1 5 7  
, 0 1 5 5  
, 0 1 6 5  
- 0 1 7 5  
.0182 
- 0 1 5 5  
,0141 
.0085  
- 0 1 5 7  
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TABLE B2. - Concluded 
N b S A  L A N G L E Y  7 X 1 0  H I G H  S P E E D  T U N N E L  
T E S T  59 
B E T A  
-5.03 
-5 .09  
-5.08 
-5.05 





















12 .51  
14.82 
. 2 2  




4.92 - 3  6 4  
4.92 - 1 . P 1  





4.76 1 0 . 2 6  
4.71 12.39 
4.64 14 .63  
4.90 .08 
T E S T  5 9  R U N  35 
S E T A  ALPHA 
- . O B  .u5 
- . l o  - 5 . e 1  
-.09 -3.86 
-.09 -1.P5 
- . 08  .b9 
-.07 2.14 
-.07 4.14 
-.Ob t . I 8  
-e35 8 . 2 4  
-.Ob 10.16 
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